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Crystal structure of reduced protein R2 of ribonucleotide
reductase: the structural basis for oxygen activation at 
a dinuclear iron site
Derek T Logan1, Xiao-Dong Su1†, Anders Åberg1‡, Karin Regnström1, 
Janos Hajdu2§, Hans Eklund3 and Pär Nordlund1*
Background: Ribonucleotide reductases (RNRs) catalyze the formation of the
deoxyribonucleotides that are essential for DNA synthesis. The R2 subunit of
Escherichia coli RNR is a homodimer containing one dinuclear iron centre per
monomer. A tyrosyl radical is essential for catalysis, and is formed via a reaction
in which the reduced, diferrous form of the iron centre activates dioxygen. To
help understand the mechanism of oxygen activation, we examined the structure
of the diferrous form of R2.
Results: The crystal structures of reduced forms of both wild type R2 and a
mutant of R2 (Ser211→Ala) have been determined at 1.7 Å and 2.2 Å resolution,
respectively. The diferrous iron centre was compared to the previously
determined structure of the oxidized, diferric form of R2. In both forms of R2 the
iron centre is coordinated by the same carboxylate dominated ligand sphere, but
in the reduced form there are clear conformational changes in three of the
carboxylate ligands and the bridging m-oxo group and two water molecules are
lost. In the reduced form of R2 the coordination number decreases from six to
four for both ferrous ions, explaining their high reactivity towards dioxygen. The
structure of the mutant Ser211→Ala, known to have impaired reduction kinetics,
shows a large conformational change in one of the neighbouring helices
although the iron coordination is very similar to the wild type protein.
Conclusions: Carboxylate shifts are often important for carboxylate coordinated
metal clusters; they allow the metals to achieve different coordination modes in
redox reactions. In the case of reduced R2 these carboxylate shifts allow the
formation of accessible reaction sites for dioxygen. The Ser211→Ala mutant
displays a conformational change in the helix containing the mutation, explaining
its altered reduction kinetics.
Introduction
The synthesis of deoxyribonucleotides catalyzed by ribonu-
cleotide reductase (RNR) is the unique pathway for pro-
duction of the four deoxyribonucleotides needed for DNA
synthesis in living organisms [1]. Escherichia coli RNR is a
complex of two dimeric proteins, called R1 and R2. R1 har-
bours the binding sites for substrates and allosteric effec-
tors, as well as redox-active cysteine residues, while R2
carries a highly oxidized redox centre formed by two ferric
ions and a stable tyrosyl radical located on tyrosine 122 (for
reviews see [2–4]). The tyrosyl radical is essential for enzy-
matic activity and is believed to activate the substrate
ribose through the formation of a transient substrate radical.
According to the proposed mechanisms, a reversible long
range electron transfer is required to take place between
the radical site and the substrate [4,5]. The radical is not
consumed in the catalytic cycle and the electrons needed
for the reduction of the ribonucleotides are supplied by 
cysteine residues on R1 [2,6].
The three-dimensional structure of the diferric protein
(metR2) revealed the iron centre and the radical carrying
tyrosine, Tyr122, to be embedded in a bundle of four long
helices (termed B, C, E and F) [7]. The iron coordination
is oxygen dominated, with five oxygen ligands and one
nitrogen ligand to each iron. The ferric ions are bridged by
one glutamate side chain and an O2– (oxo) ion. In addition,
they are ligated by three carboxylate side chains, two histi-
dine residues and two water molecules (Fig. 1). The four
helix bundle contributing the iron ligands displays a
pseudo-twofold symmetry, which is also present in the
sequential positions of the ligands of the iron site.
The active form of R2, containing the tyrosyl radical 
and the diferric centre, is generated when the diferrous,
reduced form of R2 (redR2) is oxidized by oxygen:
2Fe2+ + O2 + Tyr122-OH + H+ + e– → (2Fe3+)O22– +
Tyr122–Ol +H2O
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The radical can be scavenged from this active form of R2
by single-electron reductants, giving metR2 (containing a
diferric site and a non-oxidized Tyr122) [8]. MetR2 can be
reduced further by external reductants in vitro to reform
redR2 [8,9]. It can also be oxidized directly by hydrogen
peroxide to give 25–30% active R2, although this reaction
proceeds at a very slow rate [10]. In E. coli, protein systems
are present which can help in supplying the electrons
needed for reduction of the metal centre. Flavin reduc-
tases appear to be essential components of these systems
[11–14] and they possibly work by providing ferrous iron
as a source of exogenous electrons. In vivo the iron centre
and Tyr122 are also oxidized by molecular oxygen. To
reduce fully molecular oxygen, four electrons are needed.
In the radical generation reaction one of these electrons
comes from each of the two ferrous ions, another from
Tyr122 and the fourth is provided from another source,
which in vivo is most likely Fe2+ [15,16].
The available information on the radical generation reac-
tion has lead to several proposals for the mechanism
[10,16–19] In studies by Stubbe and co-workers [16,20–23]
two intermediates in the radical generation reaction have
been identified, originally labelled X and U. Intermediate
X is kinetically competent to oxidize Tyr122 directly. This
intermediate was suggested to contain a diferric iron site
with a coordinated oxygen radical, most likely an oxo or
hydroxy radical [16,20], but it can best be described as a
formal Fe(III)–Fe(IV) centre [23]. The identity of inter-
mediate U has not been determined unambiguously but
the available data is consistent with a cationic tryptophan
radical [22]. This tryptophan would thus contribute the
fourth electron needed for the complete reduction of
dioxygen. The best candidate for this site is Trp48 which
is found close to the surface of the protein and which is
coupled to the iron ligand His118 through hydrogen bonds
with Asp237. This suggestion is consistent with recent
mutagenesis data on these residues [5] (B-M Sjöberg, per-
sonal communication). A radical at Trp48 could then be
reduced in a subsequent step by endogenous ferrous ions
provided by, for example, the flavin reductase systems.
Information on redR2 is essential for determining the
mechanism of oxygen activation in RNR, as this is the
form reacting with dioxygen. Some spectroscopic data are
available on the native reduced form [24–26] as well as in
complex with azide and nitric oxide [27,28]. NMR spec-
troscopy has shown that the ferrous ions are only weakly
antiferromagnetically coupled as opposed to the strong
antiferromagnetic coupling seen in diferric metR2 [10].
Mössbauer data indicate a more symmetric iron coordina-
tion [29], although magnetic circular dichroism (MCD)
experiments suggest that the coordination mode of the
two ferrous ions may be different [26]. The structure of a
manganese-substituted from of R2 (MnR2) has hitherto
served as model for redR2 [30]. In this form of the
protein the metal ions are bridged by two carboxylate
ligands and are therefore considerably more symmetric
than in metR2.
Ser211 is a highly conserved residue located on the oppo-
site side of helix E from the iron ligand Glu204. Helix E
has a p-type distortion at this position and Ser211 makes
an interhelical hydrogen bond that may be important in
stabilizing this helix. The R2 mutant Ser211→Ala (S211A)
was generated to probe the importance of such a conserved
residue found at some distance from the iron site. The
major phenotypic difference of this mutant, when com-
pared to the wild type protein, is a much slower rate of
reduction of the diferric site but faster reduction of the
tyrosyl radical by the radical scavenger hydroxyurea [31].
However, in the structure of the diferric from of S211A
(metS211A) no significant conformational changes are seen
in the main-chain conformation of this helix [31].
In the present study we have determined the diferrous
structures of the wild type R2 and S211A proteins and we
demonstrate that the carboxylate ligands have a high degree
of flexibility in their metal coordination which allows them
to adopt different functional forms. We discuss the implica-
tions of the large conformational changes in the E helix of
the S211A mutant for its unusual redox kinetics.
Results
Structure of the diferrous wild type protein
The structure of redR2 has been determined at room tem-
perature to 2.1Å resolution and at 100K to 1.7Å and
refined to crystallographic R factors of 15.5% and 20.0%
respectively; both models show good stereochemistry
(Tables 1,2). The electron density at the iron centre is
well defined in both crystallographically independent
monomers. The refined structure determined at 100 K and
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Figure 1
Schematic picture of the iron coordination in diferric R2. The dashed
line represents a hydrogen bond; distances are given in Å.
electron density of this centre at 1.7Å resolution are
shown in Figure 2. The coordination observed is basically
identical to that observed in the room temperature struc-
ture (comparisons shown in Fig. 3) and we shall hence-
forth refer only to the structure determined at 100 K. The
root mean square (rms) deviation in all Ca atoms between
the two structures is 0.52Å, but only 0.30 Å for all 67 main-
and side-chain atoms of the eight iron ligands, including
for this purpose Tyr122, the radical harbouring residue.
Differences are largest in the surface loops. A list of iron
ligand coordination distances is presented in Table 3.
Table 4 lists a full rms comparison of all the structures dis-
cussed: the diferric resting form metR2 [32]; the diferrous
form redR2; the mutant S211A, in both the met [31] and
reduced forms; iron free apoR2 [33] and manganese-
substituted MnR2 [30].
The overall structure of redR2 is very similar to that of
metR2, but displays significant differences (Fig. 4). The
rms difference between the two structures for all Ca
atoms is 0.87 Å. The protein ligands are the same in
redR2 as in metR2, namely two histidine and four car-
boxylate side chains, but the coordination details are sig-
nificantly different. Upon reduction Glu204 and Glu238
exhibit the most significant conformational changes
among the ligands. Both change their χ1 and χ2 rotamers
and Glu238 becomes a bridging ligand in the diferrous
form. Asp84 also changes its mode of coordination, from
bidentate to monodentate. No density for a bridging oxo
group or coordinating water molecules is found. The coor-
dination of the two iron ions is more symmetric than 
for either metR2 or MnR2, and for each iron can be
described as a distorted tetrahedron.
Structure of the diferrous S211A mutant
The structure of reduced S211A (redS211A) has been
determined at 2.2Å resolution and refined to an R factor
of 19.1% with good stereochemistry (Tables 1,2). The
overall structure of redS211A is very similar to that of wild
type redR2, but displays significant differences in main-
chain conformation for amino acid residues 208–215 and
285–287. The rms difference between the two structures
for all Ca atoms is 0.43Å.
The crystallographic asymmetric unit contains one mol-
ecules of R2, consisting of two monomers, A and B. The
electron density at the iron centre in molecule A is well
defined. The coordination is the same as that in wild type
redR2 within experimental error. The refined structure of
the diferrous site in molecule A is shown in Figure 3b in
comparison with that of wild type redR2. The electron
density for the iron centre in molecule B is hard to inter-
pret and more closely resembles the structure of the
metR2 centre. The quality of the diffraction data and the
refinement statistics are both good and the electron
density is well defined in most other parts of the structure.
We therefore conclude that the poor density at this site is
an effect of a mixture of oxidation states, presumably of
redR2 and metR2.
The most striking difference between the redR2 and
redS211A structures is a large conformational change of the
E helix in monomer A, in particular in amino acids 208–215.
The rms difference between redR2 and redS211A in the
Ca atoms of these residues is 1.4Å. In the metR2 structure
there is a distortion in this helix due to an extra amino acid
in the turn preceding Ser211. In the redR2 structure this
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Table 1
Data collection and processing details for redR2 structures.
Wild type S211A Wild type
(room temperature) (room temperature) (100 K)
Unit cell (Å) 74.3, 85.5, 115.7 74.5, 85.2, 115.5 73.3, 83.0, 113.3
X-ray source lab/Siemens SRS 9.5‡ ESRF BL4§
area detector Mar IP Mar IP
Wavelength (Å) 1.54 0.9 0.9
Resolution limit (Å) 2.1 2.2 1.7
Completeness (%)* 92.4/68.9 86.0/34.1 98.8/94.7
Shell limits (Å) 2.15–2.1 2.26–2.20 1.79–1.70
Processing programs XDS MOSFLM MOSFLM
CCP4 CCP4 CCP4
No. observed/No. unique 73361/40203 95516/34220 370705/76518
Rmerge(I) (%)* 5.7/30.8 9.5/37.6 6.4/41.9
Shell limits (Å) 2.15–2.1 2.26–2.20 1.79–1.70
Wilson B factor (Å2) ND† ND† 25.2
*The second value is the completeness in the outermost resolution
shell; the shell limits are given below.
Rmerge = (Shkl Sj |I(hkl,j) – I(hkl)|)/(Shkl Sj |I(hkl,j)|)× 100 %, where j are the
observations of reflection hkl. †ND = not determined.
‡SRS = Synchrotron Radiation Source, Daresbury Laboratory,
Daresbury, UK. §ESRF = European Synchrotron Radiation Facility,
Grenoble, France.
helix is not affected by reduction. In redS211A, however,
the amino acids in the distorted turn are changed consider-
ably (Fig. 5a,b). Ser211 provides a stabilizing link between
helices B and E by means of a hydrogen bond bridge
between Nε2 of Gln80 and the main-chain carbonyl of
Phe208. In redS211A, Gln80 changes rotamer and the
entire E helix shifts towards the C terminus by up to 1.5 Å.
The shifts are largest in the turn containing residues
208–212. The fold of helix B is unaffected by the mutation;
however the change in rotamer of Gln80 breaks an existing
hydrogen bond to Gln76. This allows the latter in turn to
change rotamer and make a new hydrogen bond with Nε1
of Trp286, which induces a ‘knock-on’ shift in helix G
(Fig. 5c). Further conformational changes are observed as
far away as Arg149 (on helix 2b) which is no longer able to
stack against Trp286 in its new conformation; the terminal
nitrogens of helix 2b move 2–3Å away from their positions
in wild type. The side chain of Gln80 moves towards
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Table 2
Refinement statistics for redR2 structures.
Wild type S211A Wild type 
(room temperature) (room temperature) (100 K)
Refinement program(s) X-PLOR X-PLOR X-PLOR/TNT
Resolution range
for refinement (Å) 6.0–2.1 8.0–2.25 15.0–1.7
Rmodel (%)* 15.4 19.1 20.2
Rfree (%)† 24.0 ND‡ 27.6
No. of atoms
protein 5578 5578 5571
ordered solvent 306 322 385
No. of observations 38356/26352 ( > 3s)†† 32906 ( > 0)†† 74449 ( > 0)††
Baverage
main chain 24.8 20.4 30.5
side chain 26.9 22.0 39.8
solvent 43.6 21.2 49.1
Rmsd§
bonds (Å) 0.012 0.010 0.013
angles (°) 2.6 2.5 1.9
torsion (°) 21.8 21.2 16.3
Ramachandran plot quality
core (%) 95.7 93.6 93.8
allowed (%) 4.3 6.2 6.2
generous or disallowed (%) 0.0 0.2 0.0
*Rmodel = (Σhkl (||Fobs|–|Fcalc||))/(Σhkl (|Fobs|)) × 100 %, where the sum is
over all reflections. †Free R values [54] were calculated on 2 % of the
data (1522 reflections) for the 100 K structure and on 8 % of the
data (3122 reflections) for the room temperature structure. ‡ND = not
determined. §Root mean square deviations (rmsd) were calculated
using X-PLOR 19 × parameters for the two room temperature
structures; Engh and Huber parameters [55] were used for the
100 K structure.††Values in parentheses represent the I/s cut-off
used in refinement.
Figure 2
An omit map, with coefficients 2|Fo|– |Fc|, of the
metal centre in redR2 at 1.7 Å resolution. The
map is contoured at a level of 1.2 s. Iron atoms
are depicted as green spheres, other atoms
are shown in standard colours. The ligands
Asp84, Glu115, His118, Glu204, Glu238 and
His241 were omitted from the calculations.
Small random shifts were applied to atomic
positions and B factors, with root mean square
values of 0.05Å for x, y and z, and 1.0 Å for B
factors, followed by five cycles of TNT
refinement to relax phase bias. (Figure drawn
with Bobscript, a modified version of Molscript
[56] by R Esnouf, personal communication.)
Tyr122, the shortest distance being 3.6 Å in metS211A
compared to 4.9Å in metR2. Thus a major rearrangement
of many side chains is triggered by reduction of S211A.
Discussion
Altered coordination at the iron site
The structure of the diferrous centre reveals two four-
coordinate irons in a quasi-twofold geometry. The high
symmetry of the iron cluster is consistent with Mössbauer
data that show symmetric quadrupole splitting [29]. The
most notable differences to the oxidized centre are the
conformational changes in the carboxylate ligands upon
reduction (Fig. 4). The coordination of the redR2 form
somewhat resembles that found in MnR2 (not shown), but
with some significant differences. The most striking dif-
ferences being the absence of the water molecule coordi-
nated to the second manganese ion (Mn2) and the
different coordination mode of Glu204.
Our highly symmetrical structure does not completely agree
with MCD results, suggesting one four-coordinate and one
five-coordinate ferrous ion [26]. However, this apparent
inequality may be explained by the unusually short coordi-
nation distance (1.8Å) of Asp84, and the second, ‘dangling’,
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Figure 3
Iron coordination in three different R2 models.
(a) Stereo view showing iron coordination in
redR2. The iron centre is buried in a four-helix
bundle consisting of helices B, C, E and F;
helix F is drawn thinner for clarity. The radical-
harbouring residue Tyr122 is included for
completeness. Iron atoms are depicted as
green spheres, other atoms are shown in
standard colours. Dashed lines are drawn
between iron and ligand atoms to emphasize
coordination geometry. (b) Stereo view
comparison of redR2 at 100 K (blue) with
redR2 at 300 K (green) and reduced S211A
(red). Part of the hydrophobic pocket,
Phe208, is included to highlight the relative
flexibility of this residue; iron atoms are
depicted as very small spheres, the most
visible are those of S211A shown in red.
(Figure drawn with Bobscript.)
Table 3
Iron–iron and iron–ligand distances in diferrous R2.
From To Atom Monomer 1 Monomer 2 Difference Average
residue residue (Å) (Å) (Å) (Å)
Fe1 Fe2 3.93 3.86 0.05 3.90
Fe1 Asp84 Od1 1.71 1.95 0.24 1.83
Od2 2.82 2.65 0.17 2.74
Glu115 Oe1 1.97 2.15 0.18 2.06
His118 Nd1 2.03 2.08 0.05 2.06
Glu238 Oe2 1.65 1.78 0.13 1.72
Fe2 Glu115 Oe2 1.95 2.09 0.14 2.03
Glu204 Oe1 2.17 2.44 0.27 2.31
Oe2 2.88 2.50 0.38 2.70
Glu238 Oe1 1.82 1.79 0.04 1.79
His241 Nd1 2.02 2.12 0.08 2.07
carboxylate oxygen atoms of Asp84 and Glu204. These may
be close enough, at 2.7Å, to make them appear as bidentate
ligands in the MCD experiments. Glu204 is particularly
flexible, as demonstrated by the differences in coordinating
distance between monomers (Table 3).
The distance between the metal ions is significantly
increased in redR2: 3.9Å instead of 3.5Å in MnR2 and
3.3Å in metR2. Such an expansion is consistent with the
absence of a bridging hydroxy or oxo group (see [17]).
Expansion of the iron site is triggered by the movement of
Fe2 away from Fe1. This may well be the reason why
Glu204 (an Fe2 ligand) is forced to adopt a different coor-
dination mode, with new side-chain rotamers, whereas
Asp84 (Fe1 ligand) only shifts from bidentate to mon-
odentate. The surroundings of Glu204 are well suited to
conformational changes as this part of the protein is not
densely packed; indeed in the metR2 structure two water
molecules are found on the opposite side of Glu204,
further away from Fe2 [32]. Both of these water molecules
are lost upon reduction. In the redR2 structure Glu204
displays the largest differences in coordinating distance
between monomers (Table 3).
Carboxylate shifts in R2
A large number of coordination modes of carboxylate
ligands to metals have been seen in model compounds.
Lippard and coworkers postulated that the accessibility of
carboxylate groups to different coordination modes may be
an important mechanism allowing biological redox centres
to assume different coordination modes separated by only
small energy barriers [34]. This phenomenon was termed
the ‘carboxylate shift’. The change of coordination in redR2
is undoubtedly a case of such a carboxylate shift involving
three of the four iron-coordinating carboxylate side chains.
In contrast to the model compounds, where the carboxylate
ligands are in most cases independent molecules (e.g.
acetates and formates), in the protein the side chains are
anchored to the main chain. As a result the glutamic acid
residues in R2 have to change their side chain rotamers to
accommodate the carboxylate shift which, in contrast to the
small molecule case, will require significant activation
energy. However, the particular properties of carboxylate
side chains, allowing them to adopt both monodentate 
and bidentate modes of coordination, together with the
high conformational flexibility of glutamate side chains,
undoubtedly makes these residues versatile metal ligands.
The structure of the diferrous centre reveals that its net
charge is zero. The metR2, MnR2 and apoR2 structures
also have uncharged buried centres which appear to be a
preferred feature. This indicates that the protein is not
well designed to compensate for accumulated charges at
this site, by allowing the induction of complementary
dipoles and also that during redox reactions electron trans-
fer at this site requires concomitant proton transfer to
yield the thermodynamically stable forms.
Reconstitution of the iron site
The overall structure of apoR2 [33] is very similar to that of
redR2 (Fig. 4). Only relatively small differences in the posi-
tions of the iron-coordinating side chains are seen, where
the side chains of the apoprotein move in slightly to occupy
the space vacated by the iron atoms. This presumably mini-
mizes the reorganization energy for iron incorporation. The
charge of the two ferrous ions in redR2 is substituted by
four protons in apoR2 (by protonation of His118, His234,
Glu238 and Glu115) to yield a neutral overall charge. No
water molecules are bound in place of the irons in apoR2
and we can conclude that the iron-binding reaction requires
four protons to be expelled from the protein core (Fig. 6),
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Table 4
Rms differences between the R2 structures discussed.
RedR2 RedR2 S211A MnR2 ApoR2
(100 K) (300 K)
RedR2 (100 K) 0.52 0.63 0.61 0.60
RedR2 (300 K) 0.30 0.35 0.34 0.35
S211A 0.32 0.19 0.48 0.53
MnR2 0.45 0.45 0.49 0.37
ApoR2 0.87 0.77 0.85 0.87
All differences are expressed in Å. Values above the diagonal refer to a
comparison of all 680 Ca atoms in the structure. Values below the
diagonal refer to the 67 atoms in the seven iron ligands, including
Tyr122, which does not coordinate Fe directly.
Figure 4
Stereo view showing a comparison of the iron
centres in apoR2 [33], metR2 [7] and redR2.
ApoR2 is shown in green, metR2 in red and
redR2 in blue. The red spheres with red labels
represent the m-oxo bridge and two water
molecules present only in metR2. The larger
red and blue spheres are the iron atoms of
metR2 and redR2, respectively. (Figure drawn
with Bobscript.)
assuming that the redR2 generated by adding ferrous iron
to apoR2 [35] is the same as that obtained through reduc-
tion of the met form [8,13,29].
Effect of the Ser211®Ala mutation on redox kinetics
Ser211 is found on the long E helix at the site of a distortion
in the helix hydrogen-bonding network. This distortion is
due to an extra amino acid residue in the turn preceding
Ser211 (p-helix), where the latter makes a hydrogen bond
to the carbonyl of Phe208. A structure determination of
metS211A revealed an almost identical structure to the wild
type, metR2 [31]. Coupled with the fact that large confor-
mational changes are not observed in monomer B, which is
not completely reduced, this strongly suggests that the dif-
ferences we observe in redS211A have been triggered by
the change in oxidation state.
The radical generating properties of S211A appear to 
be similar to those of wild type R2, whereas reduction 
of the diferric centre is slower for the mutant [31]. The
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Figure 5
Conformational changes in the E helix of
reduced R2. (a) Stereo view showing the
radically different main-chain and side-chain
positions of helices E, G and 2b in redR2 and
redS211A. Helix B has been omitted for
clarity as its main-chain conformation is
identical in mutant and wild type. Smooth Ca
traces for wild type redR2 and for redS211A
are drawn in blue and red, respectively.
Important side-chain atoms are drawn in the
same colours to illustrate the amplification of
main-chain differences to the side chains.
(b) Stereo view showing the altered
hydrogen-bonding network in helix E of
redS211A. Main-chain atoms and helical
hydrogen bonds (shown as dashed lines) for
residues 202–213 are drawn in blue for
redR2 and in red for S211A. The side chain of
Glu204 is also included; both iron atoms
appear as green spheres.
(c) Stereo view showing the side chain
arrangement between helices B, E, G and 2b
in redR2, compared with that found in
redS211A. A smooth Ca trace is drawn in
white for redR2 and in slate blue for
redS211A. Helix G is truncated at Trp286 for
clarity. Important hydrogen-bonding side
chains are shown in ball-and-stick
representation using standard colours for
redR2 and slate blue for S211A; water
molecules are shown as red and blue
spheres. One of the iron atoms, Fe2, is drawn
as a green sphere. (Figure drawn with
Bobscript.)
conformational change of Glu204, as induced by expan-
sion of the iron site, may be the trigger for the changes in
helix E, as the latter show that the helix is destabilized at
the distorted turn due to the absence of a hydrogen bond
(between the side chain of Ser211 and the carbonyl of
Phe208). The substantial conformational changes seen in
metS211A upon reduction undoubtedly raise the activa-
tion energy for this reaction, thus explaining the slower
reduction rate. A more flexible helix E might also affect
the access of radical scavengers to the radical site.
Non-chemical reduction by X-irradiation
The crystal used for determination of the redR2 structure
at 100K was not chemically reduced, but was a metR2
crystal allowed to return to room temperature after a short
exposure to intense synchrotron X-irradiation at 100K and
subsequently refrozen. How then can we explain why the
resultant diiron site is identical to that of redR2 at room
temperature? Davydov et al. [36] suggested that transient
forms of diiron sites, such as mixed-valent states, can be
generated and kinetically stabilized by irradiation of frozen
solutions at 77K. The ligand geometry remains unaltered
in a ‘nonequilibrium constrained state’ until the solution is
annealed at some higher temperature, at which point the
conformation relaxes to an equilibrium state:
+e–
Men+Ln ——→    Me(n–1)+Ln ——→    Me(n–1)+Ln–1
77K T >77K
Nonequilibrium Equilibrium
constrained state
state
A mixed-valent state of E. coli R2 was generated by these
authors on g-irradiation of solutions frozen at 77K and
containing up to 50% glycerol. The rate of formation and
maximal amount of the mixed-valent state was highly
dependent on the concentration of glycerol, an effective
electron hole trapping agent. A similar state was generated
on X-irradiation of a frozen aqueous solution of R2 at 77K
[25], although the yield was only 0.5% of the total protein
rather than about 40% for g-irradiation. This lower yield
has been attributed to the absence of glycerol. Thus it
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Figure 6
A schematic diagram of the side-chain shifts and deprotonations
involved in reconstitution of redR2 from the apoprotein. Hydrogen
bonds are depicted as dashed lines and interatomic distances are
given in Å. Coordination of the two ‘dangling’ oxygens of Asp84 and
Glu204 is represented by dotted lines.
Figure 7
Stereo view showing a comparison of the iron
centres in reduced methane monooxygenase
hydroxylase [41] (in red) and in redR2 (in
blue). Iron atoms are shown as large spheres;
water molecules (present only in MMOH) as
small spheres marked with a W. (Figure
drawn with Bobscript.)
appears that we have observed a homologous phenomenon
in crystals of R2 frozen at 100K in mother liquor contain-
ing 20% glycerol, although in this case a full two-electron
reduction has taken place. When the diiron site is reduced
using dithionite and phenosafranine at room temperature,
a pH shift occurs from 6.0 to around 5.0 (X-DS, unpub-
lished results).
Thus it could be argued that the shifts seen in coordina-
tion are somewhat pH-dependent. However, the structure
at 100K allows us to conclude that the pH change has no
effect on the iron coordination, as the latter is identical in
the 100K 1.7Å structure which has been resolved from
chemically unmodified crystals.
Comparison to the structure of reduced methane
monooxygenase hydroxylase protein
Methane monooxygenases (MMOs) are key components
of the carbon fixation machinery in methanotrophic bac-
teria [37], catalyzing the hydroxylation by oxygen of
methane and other hydrocarbons. The soluble MMOs
promote this reaction at a diiron site related to the one in
RNR R2. [38,39]; the mechanism of oxygen activation is
also most likely related. The structure of the diferric form
of the MMO hydroxylase component (MMOH) was first
determined to 2.2 Å at 4°C [40] and the structures of
diferric MMOH and diferrous MMOH (redMMOH) are
now both known to 1.7 Å resolution at 110 K [41]. Inter-
action of MMOH with a 15kDa MMO component known
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Figure 8
A possible scheme for the different
intermediates in the radical generation
reaction of RNR R2, with suggestions for their
bridging structures. The suggestions are
made based on charge distribution and steric
considerations for the bridging ligands,
together with existing structural and
spectroscopic data. Dashed lines represent
schematic iron coordination. (a) The highly
symmetric diferrous site has a good
accessibility to dioxygen. (b) The m–h1h1
peroxide intermediate is a possible initial
symmetric oxygen species. (c) The m–h1h2
peroxide bridge structure might be a further
intermediate before the cleavage of dioxygen.
The breakage of one of the carboxylate
bridges is likely, due to the expected
shortening of the iron–iron distance, as well
as crowding of bridges. (d) The cleavage of
the dioxygen bond leads to a diferryl species
most likely bridged by two oxo groups as
suggested for the MMO intermediate Q [19].
(e) The addition of an electron and a proton
leads to intermediate X, which is competent to
oxidize the neighbouring Tyr122 to a tyrosyl
radical (f).
as protein B both accelerates and regulates the hydroxy-
lation reaction [42].
The structure of redR2 differs significantly from that of
redMMOH, despite the principal protein ligands being
the same [41]. In redMMOH, Glu248 bridges Fe1 and
Fe2 in a monodentate mode while the corresponding
Glu238 in redR2 is a bidentate bridge (Fig. 7). In addi-
tion, the diferrous site in redMMOH has two coordinated
water molecules, making both iron atoms six coordinate.
(However, one water interaction with each iron is weak,
with iron–oxygen distances of 2.6–2.7 Å.) The large differ-
ences between redR2 and redMMOH are somewhat sur-
prising considering their similar ligands and related
functions. However, the hydroxylase protein in the
absence of protein B has a reactivity towards dioxygen
three orders of magnitude lower than that of the complex
with protein B [43]. In addition, the spectral features of
the diferrous sites are different in these two forms [42,44],
and it is therefore likely that the structure of redMMOH,
due to its high coordination number, is not a form which
reacts efficiently with dioxygen. Structural studies of
diferric MMOH have yielded three different structures
for the diferric site in which either temperature or solvent
effects change the details of the metal coordination
[40,41,45]. It is clear that the MMOH diiron-site coordina-
tion is very sensitive to external effects and, as suggested
earlier [40], this is most likely due to small helix-mediated
conformational changes. Such changes are probably also
induced by protein B binding and affect either the metal
ligands Glu243 and Glu144, or the only polar residue in
the oxygen-binding pocket (Thr213), thereby distorting
the water hydrogen-bonding network [45]. The oxygen
pocket in R2 appears to be somewhat smaller than the
one in MMOH and there are no polar resides which can
stabilize a water hydrogen-bonding network, as does
Thr213 in MMOH.
It is thus not unlikely that MMOH complexed with protein
B will have iron-coordination structure with greater similar-
ity to the structure of redR2 than to redMMOH, as the
former appears to be more suitable for efficient dioxygen
activation.
Interactions of dioxygen with the iron centre
The structure of redR2 can now serve as a basis for dis-
cussion of the mechanism of oxygen activation in RNR,
which is probably closely related to the other oxygen acti-
vating diiron proteins. A striking feature of the diferrous
site in R2 is its low coordination number, four ligands for
each iron. This creates an unusually accessible metal
cluster, where the face of the iron site which offers free
coordination sites points towards a conserved hydrophobic
pocket formed by residues Phe208, Phe212 and Ile234.
This allows the binding of dioxygen in either of the previ-
ously suggested modes for peroxide intermediates, namely
m-h1:h1, m-h2:h2 or m-h2 (or m-1,1) [19]. The most likely
intermediates are m-h1:h1 and m-h2:h2, which best utilize
the symmetry of the site. It is possible that both of these
exist in consecutive steps of the reaction leading to a difer-
ryl intermediate, with a structure as suggested by Lip-
scomb [37] (Fig. 8). Due to the expense of charge build-up
during the reaction it is unlikely that any exogenous
protons are added to the centre until the first electron
transfer step, which is the addition of an electron, most
likely from Trp48.
Biological implications
The synthesis of deoxyribonucleotides is essential for
DNA production, and hence the survival of all living
organisms. In all known instances the final, committed
step in this biosynthesis is made through radical chem-
istry catalyzed by different classes of ribonucleotide
reductase (RNR). RNR is a complex of two dimeric pro-
teins termed R1 and R2. In class 1 RNRs, such as the
aerobically expressed RNR from E. coli, the source of
the radical is a tyrosyl residue located in the R2 subunit
in close proximity to a diiron site. The radical is gener-
ated when Tyr122 is oxidized by a reaction of the difer-
rous form of the iron cluster with dioxygen. This reaction
shows great similarities to those reactions catalyzed by
methane monooxygenase and related hydroxylases, as
well as the desaturation reactions catalyzed by fatty acid
desaturases. Detailed structural information on the difer-
rous form of R2 is important for our understanding of
dioxygen activation and the radical generation cycle.
Such information will also aid the interpretation of spec-
troscopic data. We thus obtain a better conception of the
mechanisms and relatedness of a much larger class of
diiron-containing proteins.
We have solved the structure of the diferrous form 
of E. coli RNR R2 (redR2) to high resolution. The 
iron-coordination sphere undergoes important confor-
mational changes upon reduction which lower the coor-
dination number of the iron atoms and liberate
coordination sites at which dioxygen can interact. The
rotamer changes in the carboxylate iron ligands are a
prime example of ‘carboxylate shifts’ and demonstrate
the suitability of carboxylate ligands for finely tuned
metal based redox chemistry. Based on the structure of
redR2, a mechanism for dioxygen activation is sug-
gested, which might be general for all dioxygen-activat-
ing diiron proteins.
Comparison of the structure of redR2 with the reduced
form of a mutant of R2, Ser211→Ala highlights the
importance of residues at some distance from the iron
site. The comparison demonstrates the importance for
reaction kinetics of structural rigidity in the protein
framework, within which the carboxylate ligands can,
however, move freely.
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Materials and methods 
Crystallization
The met forms of wild type R2 and of the R2 mutant S211A were crys-
tallized under similar conditions to those reported previously [46]. For
the room temperature data collections, crystals were mounted in tapered
capillaries in a flow-cell construction and were reduced by a continuous
flow of crystal mother liquor down the capillary. This consisted of 22%
PEG 4000, 0.2M NaCl, 50mM MES pH 6.0 and 1mM ethylmercury
thiosalicylate, the latter being essential for formation of crystals diffract-
ing to high resolution [46]. The solution was then changed to a solution
of 3% dithionite and 1mM phenosafranine in the same mother liquor.
The crystals were subjected to this treatment for 3–8h. The capillaries
were subsequently dried, sealed and mounted for data collection. Using
this set-up the crystals were kept in an oxygen-free environment by the
high excess of dithionite. This was easily monitored by the absence of
the red colour of oxidized indicator phenosafranine during the time
period of the experiment. The crystals were of space group P212121 with
cell dimensions close to those reported previously [7] (see Table 1 for
summary). A data set from a reduced wild type crystal was collected to
2.1Å resolution on a Siemens area detector mounted on a rotating
anode. A data set from an S211A crystal was collected to 2.2Å resolu-
tion at the Daresbury Synchrotron Radiation Source, station 9.5, using a
MarResearch image plate.
Data collection
For data collection at 100K, a crystal of metR2 was transferred to artifi-
cial mother liquor containing an additional 20% glycerol as cryoprotec-
tant and allowed to soak for a few minutes before being mounted in a
rayon loop and flash-frozen at 100K in a stream of dry nitrogen. After
some exposure to the synchrotron X-ray source, the crystal was
serendipitously removed from the nitrogen stream for several minutes
and thus returned to room temperature before being refrozen. The inten-
tion was to collect metR2 data but when the structure was resolved it
was seen to be virtually identical to the room-temperature redR2 struc-
ture (see Results). Data were collected on beamline 4 of the European
Synchrotron Radiation Facility, also using a MarResearch image plate.
Data processing
Data were evaluated using the XDS and MOSFLM programs [47,48]
(Dr AGW Leslie, MRC Laboratory of Molecular Biology, Cambridge,
UK). Further data reduction used programs from the CCP4 [49] and
BIOMOL (Protein Crystallography Group, University of Groningen)
suites. The refined metR2 structure [32] served as a starting model for
simulated-annealing refinements using X-PLOR [50] and positional
refinement using TNT [51]. Due to the shrinkage in cell dimensions the
new refinement minimum for the 100K structure lay outside the radius
of convergence of the refinement programs and we carried out a trivial
molecular replacement exercise using the program AMoRe [52]. The
programs O [53] and QUANTA (Molecular Simulations, Inc.) were used
for manual rebuilding.
Accession numbers
The coordinates and structure factors of reduced R2 at 100 K have been
deposited in the Protein Data Bank; accession numbers are 1XIK and
R1XIKSF, respectively. Deposition of S211A coordinates is in progress.
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